Barrier beach change in directionally bi-modal wave climates presents an increasing challenge for coastal communities, both in the short-term (storm events), and decadal to centurial time scales (long-term evolution). Predicting and planning for subsequent variations requires understanding of the morphological response to changes in wave energy, along with the atmospheric forces driving the wave climate. In this paper, multi-method topobathymetric surveys are used to assess the morphological change of a semi-sheltered gravel barrier (Start Bay, Devon, UK). Total sediment budgets (supra-to sub-tidal), with spatially-varying uncertainty levels, indicate the embayment is closed. One third of total sediment flux occurred in the sub-tidal, establishing the importance of sub-tidal transport for this type of coastline. Our results demonstrate that under the predominance of a given wave direction, rotation first occurs within sub-embayments. Additional sustained and extreme energy levels are then required for full embayment rotation to occur, with significant headland bypassing. In this instance, 6 × 10 5 m 3 of gravel was transported alongshore during a 3-year sustained period of dominant-southerly waves, including a 1:50 year storm season (full-embayment rotation), whilst 3 × 10 5 m 3 was returned during a 2-year period of dominant easterly waves (sub-embayment rotation only). A novel parameter is introduced that predicts beach rotation based on the directional wave balance. In turn, winter wave direction is shown to correlate with a combination of two climate indices. Given adequate predictions of relevant climate indices, these findings constitute the basis of a generalisable method to predict and plan for future beach rotation on similar beaches globally.
Introduction
Gravel barrier beaches often act as the first line of defense from elevated water levels and wave forcing during storms, absorbing wave energy at the shoreline and providing protection from inundation for housing and infrastructure . These mobile barrier deposits are highly dynamic and respond rapidly to changes in wave climate (Ruiz de Alegria-Arzaburu and Masselink, 2010; Bergillos et al., 2016a; Bergillos et al., 2017) . Therefore, effective planning and management of gravel coasts requires a comprehensive understanding of the morphological response to changes in the incoming wave climate over a range of different timescales. Extreme storm events can rapidly reduce beach volumes, often resulting in coastal inundation and impacting coastal vulnerability (Santos et al., 2017) . Annual to multi-decadal variations in both the incident wave height and dominant wave direction, can drive subtle but cumulatively substantial changes to beach planform and profile shape (Ranasinghe et al., 2004; Harley et al., 2017) , leaving coastal communities at risk of erosion and flooding, highlighting the need for improved morphodynamic understanding and effective planning where future climate scenarios incorporate increased wave climate variability (Mortlock and Goodwin, 2016; van Maanen et al., 2016; Castelle et al., 2018) .
For embayed beaches, where incident wave angles are oblique, morphological changes are often dominated by longshore transport processes, with sediment transported in the direction of wave approach (Short and Masselink, 1999) . When directionally sustained, beaches erode and narrow at the up-drift extent and accrete and widen at the down-drift extent, with the subsequent change in planform orientation known as "rotation" (Klein et al., 2002) . Beach rotation at some embayed beaches is also linked to variations in alongshore gradients in wave energy, resulting in increased or decreased cross-shore sediment exchange, leading to an out of phase response at embayment extremities (e.g. Harley et al., 2011) . In contrast, where the incident wave climate is directionally bi-modal, morphological changes are often controlled by the time-integrated balance of wave power from the two directions (Ruiz de Alegria-Arzaburu and Masselink, 2010; Bergillos et al., 2016b) .
Rotation-dominated embayments in directionally bi-modal wave climates are sensitive to extreme storm events from particular Geomorphology 327 (2019) [385] [386] [387] [388] [389] [390] [391] [392] [393] [394] [395] [396] [397] [398] [399] [400] [401] [402] [403] directions. Masselink et al. (2015) and Scott et al. (2016) observed significant south coast rotation following a series of southerly storms (see Section 2.2), where wave approach was oblique to the shoreline. The volumetric response was observed in detail at Slapton Sands (Start Bay, South Devon, UK), a semi-sheltered, embayed gravel barrier. Critically, Scott et al. (2016) identified that net inter-tidal volume change was negative between pre and post winter surveys, indicating sediment loss through either cross-shore processes (offshore transport and/or barrier over wash), or between sub-embayments via subaqueous headland bypassing (Ojeda and Guillén, 2008) .
The lack of understanding of the fate of observed intertidal sediment losses in the alongshore Burvingt et al., 2017) , between sub-embayments (Thomas et al., 2010; Goodwin et al., 2013) , and on/offshore (Davidson et al., 2013; Poate et al., 2015) , limits the understanding of the mechanisms driving spatial and temporal morphological change, specifically beach recovery from extreme wave events (Corbella and Stretch, 2012; Scott et al., 2016; Burvingt et al., 2018) . Robust calculations of total sediment budgets are difficult within the coastal zone and often only sub-aerial (e.g. Burvingt et al., 2016) , or sub-tidal (e.g. Shaw et al., 2008) beach changes are assessed. The resultant temporal comparisons may lack consideration of uncertainty induced by the survey technique, sampling and interpolation, producing estimates of geomorphic volume change with limited confidence (Williams, 2012) . Recent advances in fluvial geomorphology (Wheaton et al., 2010; Milan et al., 2011) have developed approaches to account for uncertainties when estimating volume change with combined survey techniques. In riverine environments, where significant elevation change is of the same order of magnitude as measurement uncertainty, these advances have allowed robust calculations of complete geomorphic volume change with associated uncertainty and significance testing. In the coastal environment, where study sites may be large (Okm), with significant regions of limited change (e.g. near the depth of closure), it is important to robustly deal with uncertainty as errors can rapidly propagate to misrepresent large proportions of the observed change. Until now, there has been a distinct lack of full embayment supra to sub-tidal sediment budget assessments within the coastal environment, due to the lack of coexisting spatial and temporal data sets, and the difficulty/lack of accounting for uncertainty in survey methods (Schimel et al., 2015) .
In the longer term, inter-annual variability in the winter-averaged wave climate is strongly affected by atmospheric changes (Bacon and Carter, 1993; Clarke and Rendell, 2009; Dodet et al., 2010; Castelle et al., 2017a Castelle et al., , 2017b . Strong relationships exist between phases of climatic indices and variations in wave height and storm characteristics. On a basin wide scale, Barnard et al. (2015) found that coastal erosion across 48 different Pacific Ocean beaches, was significantly linked with variations in the El Nino Southern Oscillation (ENSO), whilst Mortlock and Goodwin (2016) showed on a regional scale, that different modes of ENSO produced variations in wave power from subtly different directions, causing a discrepancy between erosion and recovery rates within an embayed headland beach in south east Australia.
In the Northern Hemisphere, the North Atlantic Oscillation (NAO), is known to affect the incoming wave climate in the northern latitudes of the Atlantic Ocean (e.g., Dodet et al., 2010) , with particularly strong influence during winter months (e.g., Bromirski and Cayan, 2015) , explaining multi-annual cross-shore change in exposed sandy beach morphology (nearshore bar configuration) in South West England (Masselink et al., 2014) . Longshore rotation of macro-tidal, headland embayed sandy beaches has been well correlated to phase changes in the NAO over multiple timescales (Thomas et al., 2010 (Thomas et al., , 2011 (Thomas et al., , 2012 , highlighting the possibility of the NAO's use as a predictor of coastline evolution. Castelle et al. (2017a Castelle et al. ( , 2017b ) presented a new climate index, the West Europe Pressure Anomaly (WEPA), based on the normalized sea level pressure difference between Ireland and the Canary Islands. Positive WEPA winters better describe increasing winter wave heights and increased southerly storm tracks, whilst exhibiting no significant correlation with NAO itself. Recent improvements in both the forecast skill of winter-averaged NAO (Dunstone et al., 2016) , and understanding of its relationship with bi-directional wave climates (and hence beach rotational response), could provide significant advances in coastal management.
The overarching aim of this paper is to assess and quantify the morphological response of an entire gravel barrier embayment, to episodic and decadal bi-directional wave forcing. A unique series of directionally contrasting wave conditions in south west England are assessed to investigate the controls on rotational response mechanisms, from the sub embayment to full embayment extent. The study exploits a comprehensive morphological dataset collected within Start Bay (South Devon, UK), including multi-method full embayment sediment budgets, decadal records of inter-tidal beach profiles and new interpretations of connections between longer term wave climate and atmospheric variability, to further our understanding of response and recovery mechanisms within these timescales. A future goal is to improve coastal vulnerability assessment and management for coastal embayments that are sensitive to directional wave climates.
In Section 2, the regional setting and wave climate is provided. Section 3 presents the methodology and datasets used throughout the study, including comprehensive uncertainty analysis from multimethod survey data and the determination of a new parameter to predict beach rotation based on a directional wave power balance. Results are presented in Section 4, discussed in Section 5, and conclusions drawn in Section 6.
Regional setting -Study area

Embayment alignment and beach composition
Start Bay is a 12-km long embayment located on the south coast of Devon, UK (Fig. 1) . Meso to macrotidal with neap and spring tidal ranges of 1.8 m and 4.3 m, respectively, the embayment comprises four sub-embayment gravel barrier beaches, named from the south to north as; Hallsands, Beesands, Slapton Sands and Blackpool Sands. Between each sub-embayment lie short headlands/rocky outcrops, extending to approximately 1-4 m below mean low water springs (MLWS), that separate each beach at high tide, trapping laterally moving sediment as it is transported alongshore. Behind the barrier at both Slapton Sands and Beesands, freshwater is held above mean sea level in two lagoons known as Slapton Ley and Widdecombe Ley (Austin, 2005) . The gravel barrier at Slapton Sands rises to 5-6 m above mean sea level with a steep reflective beach face (tanβ = 0.1) composed of fine gravel (D50 = 2-10 mm), with the toe of the barrier extending to an average depth of −7.5 m Ordnance Datum Newlyn (ODN) (Kelland, 1975) . The barrier position has remained relatively stable over the last 3000 years, allowing the sediment (mainly flint) to be reworked by the sea (Hails, 1975a) . Within Start Bay, gravel is finer to the east due to the lateral grading of material (Chadwick et al., 2005) , with coarser grains transported south west with larger, steeper easterly waves, and finer grains being well sorted and transported north east with smaller but more frequent southerly swells (Morey, 1976) .
South of the bay lies Start Point, a rocky headland offering shelter from longer period southerly waves. Skerries Bank, an offshore banner bank, sits east of the main beaches in the southern half of the embayment and is −5 m (ODN) at its shoalest (Hails, 1975b) . These two features modulate the wave climate in Start Bay. Refraction and dissipation of large southerly waves around Start Point allows waves to reach the southern sub-embayments of Hallsands and Beesands, however wave energy is reduced, resulting in an alongshore gradient in inshore wave conditions, with significant wave heights (H s ) increasing from the south to north along the embayment (Ruiz de Alegria-Arzaburu and Masselink, 2010) .
Maximum water depth between the gravel barrier and the shallowest part of the Skerries Bank is −15 m ODN, deeper than the estimated depth of closure (−10 m ODN). This fact, combined with the distinct difference in sediment type between the four gravel barriers and the finer shelly sands of Skerries Bank, suggests there is no movement of sediment between the two (Hails, 1975c) . Furthermore, the entirety of Start Bay is bound by large headlands, and the system is considered a closed sediment cell, with no sediment sources except for some confined areas of cliff erosion (Ruiz de Alegria-Arzaburu and Masselink, 2010).
Wave climate -Start Bay
The local inshore wave climate has been measured since April 2007 by a Wave Rider Directional Wave buoy, located in the center of the embayment (Fig. 1 ) at approximately 12 m ODN water depth sampling at 30-min intervals (Plymouth Coastal Observatory, 2017). In addition to ODN) , highlight the location of Skerries Bank. Survey profile locations for each beach are shown as arrows pointing offshore and are labelled accordingly. The foreshore is identified as either gravel or rock, and the location of the Directional Wave Rider Buoy (http://southwest.coastalmonitoring.org/), and the WaveWatch III Model Node is shown to the east of Slapton Sands. This figure is available in colour online at https://www.journals.elsevier.com/geomorphology the measured data, the UK Met Office have provided long-term 3-hourly hindcast wave data from their 8-km WaveWatch III model, between 1980 and 2017 for a node location offshore of Start Bay, in approximately 20 m water depth (Fig. 1) .
The bay is aligned SSW-NNE and receives predominantly short period (mean annual T e~5 -6 s) wind driven waves from both the south and east (Ruiz de Alegria-Arzaburu and Masselink, 2010) . The long-term wave rose (Met Office hindcast) clearly shows the bi-directionality of the waves within the embayment, with a dominance of southwesterly over easterly waves ( Fig. 2; bottom panel) . At the model node location, southwesterly waves are propagating in the offshore direction (from the south west); however, they are refracted and attenuated towards the shoreline by interaction with Skerries Bank (Fig. 1) . Previous studies (Ruiz de Alegria-Arzaburu and Masselink, 2010; Wiggins et al., 2017) have shown, through comparison with directional wave buoy records, that the dominant south-westerly waves rotate to a southerly direction at the nearshore (−12 m ODN) and easterly waves maintain their original angle. Despite nearshore transformation, the long-term offshore model hindcast record is used here for further analysis as the wave buoy data represented a relatively short time series and contained storm dropouts. Later analysis highlights the value of the longer-term offshore wave data.
The time-series of hindcast H s (Fig. 2, top panel) shows a seasonal trend with wave heights increasing in winter (H s = 1-1.3 m) and decreasing in summer (H s = 0.5-0.6 m). Storm events are classified as having peak H s exceeding 2.17 m (H s5% calculated over the entire modelled wave record), with a duration of at least 6 h and separated by at least 24 h (Harley, 2017) .
Since 1980, southerly waves (N110°and b240°) make up 69% of wintertime (December, January, February and March, DJFM) wave directions (Fig. 2, second panel) , with a mean H s of 1.23 m. Easterly waves (angles N60°and b110°) make up 23% of the wave directions for winter months, with average H s of 1.15 m across the model record. Highenergy southerly winter storm events are more frequent than those from the east from year to year, with a 5:1 ratio per winter; however, each year is highly variable and there are periods of dominance of storms from one direction or another.
During the winter of 2013/14, the south west of England experienced numerous, exceptionally high-energy Atlantic storms, producing the largest recorded 8-week average wave height in at least 60 years, considered the most energetic since at least 1948 . The modelled wave data shows 15 winter storm events at the Start Bay node, characterized by a series of southerly storms with minimal input from easterlies (Fig. 2, third panel) . 84% of winter waves were southerly for this period, with average winter H s of 1.65 m, with only 10% from the east with mean wave heights of 0.70 m (Fig. 2 , Second Panel). Locally, the most destructive storms within Start Bay occurred on the 04/02/2014 and the 14/02/2014 with H s recorded at the inshore wave buoy reaching 4.69 m and 5.25 m, respectively. Compared to similar magnitude storms in this period, both incoming storms tracks from the Atlantic were south of 50°latitude and resulted in larger waves reaching the south coast of the UK. As a result, these two storms were calculated as having wave height return periods N50 years (Siggery and Wiggins, 2014) and caused the most extensive impacts on the beaches of Start Bay .
In the 3-year period following the winter of 2013/14, the first two winters maintained a dominance of southerly over easterly waves with the winter of 2014/15, being 65% southerly and 20% easterly in direction with average H s of 1.14 m and 0.84 m, respectively. Further southerly waves were experienced in the winter of 2015/16, with 78% southerly waves (average H s of 1.62 m) and only 15% easterly (average H s of 1.12 m). A reversal in the trend occurred between 2016 and 2017, with 11 easterly storms observed between October 2016 and May 2017. Average winter values for that season show southerly waves make up 73% of wave contributions, with 20% coming from the east. Mean southerly wave heights drop to 1.06 m for that year (the lowest value for 5 years), and easterly winter waves increase to an average 1.24 m (the highest value since 2012/13).
For the purpose of the following morphological response analysis, the southerly-dominated period between 2013 and 2016, which includes the unprecedented storms of 2013/14 is considered a 'southerly' period. The significant change to easterly wave conditions from 2016 to 2017 can be considered an associated 'easterly' period, and as such, both 'southerly' and 'easterly' periods, and their effects on embayment morphology are assessed further in this study.
Methods and datasets
Full embayment sediment budgets
In order to calculate total sediment budgets and morphological change in a coastal embayment, it is essential to combine topographic and bathymetric survey data from different time periods. Consideration must be given to the survey instrumentation and data collection techniques, as well as the inherent uncertainty in both point cloud and gridded position and elevation (Wheaton et al., 2010) . Described below are the morphological data sets used for the full embayment response analysis, as well as the approaches to gridding and addressing uncertainty.
Morphological survey data
Unmanned aerial vehicle (UAV) intertidal surveys
A quadcopter UAV (DJI Phantom) facilitated a full inter/supratidal survey of Start Bay in both 2016 and 2017. Implementing a structure-from-motion (SfM) approach (Westoby et al., 2012) , overlapping aerial photographs were aligned and georeferenced using Real Time Kinematic (RTK) Global Positioning System (GPS) measured ground control points (GCP's), deriving a high-resolution (N50 pts./m 2 ), three-dimensional point cloud, which was then interpolated to a 1 m grid digital elevation model (DEM) of inter/supratidal beach topography. This methodology allowed full coverage of the beaches and interconnecting bays around a single set of spring tides, without significant event driven changes occurring during the data collection.
Multibeam bathymetry
Extending the spatial coverage of the embayment surveys into the subtidal domain, multibeam bathymetry was used from a range of sources. United Kingdom Hydrographic Office (UKHO) supplied multibeam data collected during January 2013 (UKHO, 2013), whilst Plymouth University (PU) conducted two separate surveys in June 2016 and June 2017. These data sets were surveyed at high resolutions (typically, 25 pts./m 2 point density) and exported at 1 m, providing comparable DEM's from approximately Chart Datum to below the depth of closure (≤10 m ODN).
Light Detection and Ranging (LiDAR)
Environment Agency UK LiDAR data is captured as part of the ongoing south west regional coastal monitoring programme (http:// southwest.coastalmonitoring.org/). Datasets over Start Bay were collected during March 2012, March 2016 and April 2017. Data were supplied in a 1 m grid format, and an assessment of the measurement uncertainty has been conducted by the contractor (see Appendix).
Real Time Kinematic (RTK) Global Positioning System (GPS) continuous surveys
RTK-GPS continuous data was surveyed on foot at 1 Hz and covers the intertidal extent of Start Bay in areas where the UAV was unable to be utilized (due to permissions). Individual surveyors walked at 5 m spaced alongshore lines, with attention paid to capturing changes in topography and breaks in slopes (berms, crests etc.). This method was utilized for the 2013 epoch, and in some instances 2016 and 2017 to provide complete coverage of the embayment.
Full embayment Digital Elevation Models (DEM's)
The full supra/intertidal and subtidal extents of Start Bay were surveyed using the above multiple methods over three epochs, providing 'pre-southerly' (2013), 'post-southerly' (2016) and 'easterly' (2017) morphological datasets. The spatio-temporal coverage of data sets meant that multiple surveys could be combined (Fig. 3 , left) producing DEMs spanning supra, inter and subtidal extents of the entire embayment to an average depth of ≤10 m ODN (Fig. 3,  right) .
The datasets used in this analysis and their temporal structure are summarized in Table 1 . In all cases data were interpolated to a 1 m raster DEM using a natural neighbour interpolation (Sibson, 1981) , which utilizes a weighted average of neighbouring points based on their respective areal contribution. It is effective in processing a high number of irregularly spaced input points, and has been shown to well represent surfaces interpolated from LiDAR point data (Bater and Coops, 2009) . Whilst the 'pre-southerly' DEM comprised datasets that spanned 10 months, it was deemed appropriate in capturing the changes caused by the 2013/14 winter after assessment of a decadal, intertidal 2D morphological dataset from Start Bay, showing the significance of the event (see Section 4.3).
Quantifying full embayment geomorphic change
The basic principle of measuring geomorphic change involves the subtraction of two independent DEM surfaces to produce a DEM of Difference (DoD, Wheaton et al., 2010) , with each grid cell value representing a measure of the vertical elevation difference. Individual cells can then be integrated to estimate total volume changes within the spatial extent of the DoD. A key principle when utilizing DoD's for the purpose of geomorphic change detection, is accounting for the vertical uncertainty across each DEM, and therefore an ability to discern the probability that the observed change is real (and not due to measurement or sampling error). This is particular important when attempting to detect small vertical changes (with respect to uncertainty) over broad spatial extents (Wheaton et al., 2010) .
Each individual dataset has its own inherent uncertainty, based on a combination of instrument, measurement (sampling), systematic and interpolation errors. In the case of morphological surveys, variables such as the underlying surface roughness, dynamic gradients of slope, and variability in environmental conditions all contribute to the potential uncertainty of any given surface (Wheaton, 2008) . Within this study (see appendix), estimates of uncertainty (δz DEM ) for each survey technique were obtained (Table 2 ) and applied to respective regions of the DEM (Fig. 3 , Left).
These uncertainty estimates can then be propagated into the DoD using standard independent error propagation (Brasington et al., 2000) with the resultant propagated uncertainty (δU DoD ) defined as a minimum level of detection (minLoD);
where δz DEM1 and δz DEM2 are some metric of uncertainty from the first and second DEM respectively (Taylor, 1997) . Changes measured below this minLoD are thresholded from the DoD and excluded from the total calculated change. This can be done on a cell-by-cell basis if DEM uncertainties are spatially variable. A further conservative step can be taken when thresholding the DoD's, incorporating a probabilistic approach to assess whether the observed change is real, as set out by Lane et al. (2003) . If the estimates of DEM uncertainty (δz DEM ) are approximated as their standard deviation of error (σ DEM ), and are represented by a normal distribution, a critical threshold error (U crit ) can be obtained using;
where σ DEM1 and σ DEM2 are the standard deviations of error for the first and second DEM respectively, and t is the critical t-value for a two tailed students t-test at a chosen confidence interval (Williams, 2012) . By utilizing the propagated error of the DoD on a cell by cell basis, a t score can be derived from the actual change observed such that;
where σ DoD is equal to δU DoD evaluated at each cell of the DoD grid, and Z DEM 1 and Z DEM 2 are elevations from two different DEMs. The resultant t value can be related to the probability of the elevation difference occurring due to measurement error alone by utilizing the cumulative distribution function for the two tailed t test. Assuming a large number of samples is used to estimate σ DoD , the t distribution is nearly identical to the normal distribution (Wheaton, 2008) , such that if t ≥ 1, the change is significant at the 68% confidence interval (1 σ).
Decadal morphology and wave climate assessment
A decadal record of quasi-quarterly RTK-GPS topographic crossshore profiles have been collected regularly throughout Start Bay since 2007, as part of an ongoing coastal monitoring program (http:// southwest.coastalmonitoring.org/). Hallsands, Beesands and Slapton Sands are surveyed three times per year on average (Spring, Summer and Autumn), whilst Blackpool Sands is surveyed twice a year (Spring and Autumn). Profile locations are shown on the map in Fig. 1 , with an average line spacing of 50 m at Hallsands and 200 m at Beesands, Slapton Sands and Blackpool Sands. Measurements are made from the back beach to mean low water springs (−2 m ODN), with a maximum distance of 5 m between successive points, and additional points are taken to capture all breaks in slope to accurately represent the beach morphology. Unit volume differences relative to the first survey were then calculated for each profile.
To explore direct relationships between directionally bi-modal wave forcing and morphological change, the wave energy flux equations were used to compute the total wave power, P for the WaveWatch III modelled time series for the location of the model node (Fig. 1 ), using;
where ρ = water density, g = gravity, H s = the significant wave height and C g = the wave celerity based on the wave energy period T e and local water depth h, using linear wave theory for intermediate depths.
Wave power was then split into southerly (240°N and N115°), and easterly (b60°and b115°) directions, and an index of the normalized balance of the two contributions was obtained by Eq. (5);
where (P south − P east ) is the difference between the southerly and easterly wave power, ðP south −P east Þ is the long-term average of those winter differences, and σ(P south − P east ) is the long-term standard deviation of winter differences, calculated over the entire model record from 1980 to 2017. This index, hereinafter referred to as the directional power index (D : P index ), was calculated for each time interval between successive morphological surveys at each profile. Positive and negative values for D : P index represent the dominance of southerly and easterly waves respectively, in comparison to the long-term mean. The index was then plotted against the measured volume changes between morphological surveys, and linear correlation coefficients were obtained for the relationship between the two. This correlation was further split from total correlations (using the entire record), into winter correlations (using only volume changes and wave power indexes observed during winter months (December to March).
Climatic indices and winter wave variability
The influence of climate indices on waves in the North Atlantic is stronger in the winter months due to the increased occurrence of storm events; hence, in this study, a normalized winter-averaged (DJFM) value of the station-based NAO index is utilized (Hurrell et al., 2017) . Further to the NAO, winter-averaged values of WEPA (Castelle et al., 2017a (Castelle et al., , 2017b are presented as an additional climate index, and both are assessed against with the long-term winter modelled wave record.
Results
Multi-annual southerly and easterly full embayment response
Computed significant morphological change across the southerly period (2013-2016) indicated strong northward transport of sediment within the embayment as a whole, and within individual sub-embayments, manifesting in a pronounced clockwise rotational response (Fig. 4, left) . Significant sub-aerial erosion was recorded at the southern end of sub-embayment beaches, whilst accretion was observed at the northern ends with material collecting at rocky headlands.
The net change across the whole embayment is highlighted in Fig ) and is therefore not significant at the 95% confidence limit. As a result, the system has to be observed as closed, with no significant detectable net loss or gain of sediment through either barrier over wash, offshore transport or longshore flux beyond the extreme southern or northern extents of the embayment.
During the easterly phase (2016-2017) the geomorphic change analysis highlights a reversal in the rotational response of Start Bay (Fig. 4, right) . Erosion is observed at the northern ends of all subembayments, with an associated accretion observed at the southern ends. The strongest areas of erosion occurred at the northern end of Slapton Sands and Forest Cove. The thresholded DoD analysis (Fig. 5, bottom) shows the full embayment experienced a total erosion of 289,700 m 3 whilst gaining 241,500 m 3 . The net change equates to −48,200 m 3 , which, like the 2013 to 2016 analysis, is within the associated uncertainty of the analysis (±61,900 m 3 ), suggesting that there has again been no detectable net loss or gain of material within the embayment. A distinct pivot point for the full embayment is observed across both epochs at the northern end of Slapton Sands, around the location of P18 (Fig. 1) , where erosion and accretion are clearly delineated. The total volume changes past this point were calculated for both epochs, with 529,500 m Comparisons of the two epochs show that total detectable volume change measured from 2016 to 2017 is 45% of 2013 to 2016, however; this anti-clockwise rotation occurred within a single annual cycle, spanning a winter period containing a higher percentage of easterly waves than the previous two (Fig. 2, Bottom Right) , highlighting the importance of wave direction in controlling beach morphology.
Sub-embayment morphological response
Dividing the full embayment into individual sub-embayments (Fig. 4 , green boundaries), definitive erosional and accretional responses are observed across the measured time periods. Sub-embayments were defined as beach sections between clear protrusions of rock headlands, or where clear interfaces were observed in the rotational response. The spatial redistribution of sediment is shown though volume change histograms for each sub-embayment (Fig. 6) , including the associated uncertainty from the DoD calculations.
Large volumes of sediment were lost and gained during the southerly dominated 2013-2016 epoch (Fig. 6 Left column), with significant and detectable net losses in all four southern sub-embayments (Hallsands, Hallsands South, Beesands and Slapton Sands). Net volume gains were observed at the northern sub-embayments of Forest Cove and Blackpool Sands. The resultant imbalance of erosion and accretion within individual sub-embayments, but insignificant net full embayment change, suggests there is either cross-shore exchange of sediment, or an alongshore flux of material bypassing headlands and transitioning between sub-cells.
To assess the cross-shore element of sediment transport within subembayments, profiles were extracted across the full-embayment surveys at 50 m intervals, and the relative contributions of sub-aerial (≥2 m ODN) and sub-tidal (≤2 m ODN) volume change was calculated (Fig. 7) .
During the 2013-2016 epoch (Fig. 7, upper) , substantial in-phase change occurred in both the sub-aerial and sub-tidal elevations, particularly at the northern extents of Beesands, Slapton Sands and Blackpool Sands. Within Beesands, profile BS1 at the southern extent lost 91 m /m (33% sub-tidal accretion) in the north. Throughout the embayment, the sub-tidal sediment volume changes are in phase with sub-aerial changes and the detectable depth of closure has been reached (Fig. 7) . These results, in combination with the balanced total sediment budget for both epochs suggest that there is no significant cross-shore exchange causing the net volume disparity within subembayments, and that the only mechanism for the large-scale changes is bypassing of material around headlands from one embayment to the next. The integrated volume change in the sub-tidal extent is approximately 33% of the total volume changes observed across all profiles within the full embayment, illustrating the significant contribution subtidal change makes to the total sediment budget.
During the 2016-2017 easterly epoch, sub-embayment anticlockwise beach rotation was observed at Beesands, Slapton Sands and Blackpool Sands (Fig. 4, Right) , although no significant net gains or losses were detected (Fig. 6 Right). This suggests that there has been no detectable flux of sediment into or out of the three major sub-embayments. 
Decadal morphological change and forcing mechanisms
Whilst spatially integrated total embayment response provides invaluable understanding of response and recovery mechanisms to extreme variability in the wave climate, an extended temporal record is required to quantify the relationship between wave forcing and morphology.
The changes to the beach profile volumes across the embayment over the last ten years (Fig. 8) Correlations between D : P index and short-term (~3-monthly) morphological change over a decade of observations show that the balance of southerly to easterly wave power directly controls the spatial variation of beach volumes, with correlations stronger in the winter when absolute wave energy is greater (Fig. 9) . Profiles at the southern (northern) extents of sub-embayments show the strongest negative (positive) correlations. Where the correlation is strongly positive (N0.7), such as at the northern extents of Beesands, Slapton and Blackpool Sands, profiles gain volume under southerly dominated wave conditions, and lose volume under predominantly easterly wave conditions. The converse is true, for example at Hallsands and the southern extents of Beesands and Slapton Sands, where negative correlations (≤0.7) indicate a loss of sediment under southerly waves, and a gain of material under easterly dominated conditions. Two distinct rotational pivot points are evidenced by the alongshore correlations at both Beesands and Slapton Sands (Fig. 9) . Between profile BS5 and BS6, correlations switch from negative to positive, meaning under southerly 2016 and 2017 (Right) . Elevation changes between epochs are represented as colour intensity from red (erosion) to blue (accretion), with no detectable change represented as a lack of colour. This figure is available in colour online at https://www.journals. elsevier.com/geomorphology dominated wave conditions, the Beesands sub-embayment erodes to the south of this point and accretes to the north. A similar pivot point is observed at the northern end of Slapton Sands, with correlations again switching from negative to positive around profile P18. The full embayment difference models (Fig. 4 ) also evidence these two pivot points, with clear transitions from erosion and accretion found in similar locations under both southerly and easterly wave conditions. Strong correlations (both positive and negative) between the D : P index and beach volume change at sub-embayment extremities, shows that the offshore modelled waves are well correlated to measured beach morphology, despite not being transformed inshore, suggesting that directionality of incoming wave power is a key component in predicting beach change.
Role of atmospheric variability
The wave climate presented in Fig. 2 shows that the winteraveraged contribution from each directional mode varies dramatically on a multi-annual to decadal timescale. From the morphological response in the short-term, it is clear that this has a significant impact of the direction and magnitude of embayment rotation. The next intuitive step is to examine the link between climate indices and dominant wind and wave directions to investigate their explanatory power for multiannual winter-average bi-directional balance and hence long-term morphological response.
The long-term winter modelled wave data since 1980 shows the dominance of southerly over easterly wave power ( Fig. 10; Upper) ; however, the offshore waves cannot be compared in absolute terms, due to the lack of inshore transformation. The most energetic winters within the model record were 1990 and 2014 and are attributable almost exclusively to southerly wave events. Easterly wave power contributes b40% of the total winter wave power with the exceptions of 1986 and 1995 (Fig. 10, Lower) . The D : P index for the entire modelled record is shown in Fig. 10 (Middle) , and highlights where the balance of winter wave power is either more southerly dominated than average (positive) or more easterly dominated than average (negative). Multi-annual periodicity linked to variations in incident wave direction are evidenced by sustained periods of positive or negative winter D : P index values, for example the five year positive period between 1998 and 2002 and the following four year negative phase between 2003 and 2006 (Fig. 10, Middle) . This leads to an assessment of whether fluctuations in atmospheric climate indices can account for or predict changes in the direction of the incoming wave climate and therefore the rotational beach morphology observed at this location.
Winter-averaged values of the NAO and WEPA index from 1980 to 2017 are plotted against the winter-averaged wave parameters and presented in Fig. 11 . The D : P index exhibits only a moderate positive correlation with winter NAO values (R = 0.48; p = 0.0043), however; there is a significant negative correlation between winter NAO and easterly deep-water wave power (R = −0.73; p = 0.0000). Further examination shows southerly winter wave power is weakly correlated with winter NAO (R = 0.28; p = 0.1116). Therefore, it can be assumed the low correlation with southerly waves is reducing the relationship with D : P index . This could be explained by the southerly wave power dependence on storm track latitude which is ill-defined by the NAO as elaborated by Castelle et al. Volume elevations changes are expressed in terms of erosion (red) and accretion (blue) (Left Panels). Grey bars represent volume change in which elevation differences were below the LoD, and hence were thresholded from the total volume calculation. Total and net volume changes within the embayment (Right Panels), expressed in terms of erosion (red) and accretion (blue). The black error bars represent the propagated volume uncertainty at the 95% confidence interval associated with the result. This figure is available in colour online at https://www.journals.elsevier.com/geomorphology (2017a, 2017b) , therefore the NAO may provide skill in describing the balance of easterly and southwesterly wave events through the presence or lack of easterly wave events at this location.
The WEPA index, developed by Castelle et al. (2017a Castelle et al. ( , 2017b for explaining lower latitude wave climate (western Europe), provides an improved relationship with bi-directional waves, especially those from the southwest (Fig. 11, bottom panels) . A significant positive correlation between winter WEPA and both the D : P index (R = 0.69; p = 0.0000) and southerly winter wave power (R = 0.81; p = 0.0000) is observed. There is no significant correlation between winter WEPA and easterly winter wave power (Fig. 11, Lowermiddle) . Black bars represent the uncertainty estimates for the total combined erosion, accretion and net change. Net detectable change is displayed on each plot. Where change was less than the total propagated uncertainty, no net change is quoted. This figure is available in colour online at https://www.journals.elsevier.com/geomorphology 5. Discussion
Full embayment extreme winter response
Beaches dominated by a rotational response to wave forcing occur worldwide, particularly semi exposed coastlines with bi-directional wave climates, where headlands or structural constraints trap sediment transported alongshore at embayment extremities. This study has quantified and examined the full morphological response of a semisheltered gravel embayment to a multi-annual bi-directional wave climate, including a N1:50 year winter storm season. Similar to previous studies of rotational beaches, the findings here highlight that beach rotation is a function of wave direction over a variety of timescales. At event and winter-averaged seasonal scale (e.g. Ruiz de AlegriaArzaburu and Masselink, 2010; Thomas et al., 2011) , energetic storms prevailing from one direction have the ability to cause significant and rapid changes to the planform shape and sediment distribution within rotational embayments. Klein et al. (2002) suggested that seasonal rotation often results in erosion and accretion at opposite ends of an embayment, but does not lead to net sediment losses; however, under the exceptionally southerly-dominated storm conditions during the winter of 2013/14, initial assessments of a single sub-embayment (Slapton Sands, Scott et al., 2016) highlighted the net loss of sediment from the inter-tidal extent. These losses were accounted for in this study, by the calculation of total sediment budgets including all subembayment beaches within the full embayment, at both sub-aerial and sub-tidal extents. Through well-defined and thoroughly assessed uncertainty bounds (following Wheaton et al., 2010) significant changes were identified to have occurred between sub-embayments with a new level of confidence, accounting for more of the total sediment budget, across all sediment pathways (e.g. Goodwin et al., 2013) , improving the understanding of spatial patterns of embayment response to storms. The occurrence of full embayment rotation between 2013 and 2016, with 33% of significant geomorphic changes occurring in the sub-tidal extent (up to 47% in some locations); represents a considerable proportion of the sediment budget that would have been unaccounted for using conventional inter-tidal or sub-aerial measurements alone. Furthermore, net sediment losses and gains from individual sub-embayments highlight sediment bypassing headlands, being transported from one sub-embayment to the next, as suggested by Burvingt et al. (2018) .
Sub-embayment counter rotation to easterly waves
The anti-clockwise (southward) sub-embayment rotation observed between 2016 and 2017 following the increased but moderate easterly wave conditions (20% contribution of winter easterly waves compared to the long-term mean of 23%) of that winter resulted in volume changes that were~50% less than those observed between 2013 and 2016. As a consequence, sub-embayments counter-rotated, but sediment exchange between headlands was minimal. Scott et al. (2016) hypothesized that a rebalance of an embayment towards its pre-storm state would require aggregated equal and opposite wave events from the east. The changes observed in this study suggest that for sub-embayments to restore pre-storm sediment volumes, specific wave conditions must prevail that drive not only reversals in sediment transport direction but occur at absolute magnitudes and timescales that allow sediment to traverse back around headlands already bypassed, resulting in full embayment rotation. These conditions were not met during the 2016-2017 epoch of this study, and headlands acted to constrain sediment changes to sub-embayment rotation only.
Many geological, geometrical and hydrodynamic factors affect the facilitation of transport around headlands, including the bathymetric slope angle, headland apex ratio, protrusion length or size, as well as the occurrence of a shore platform (George, 2016) . The headlands within Start Bay are complex and varied and hydrodynamics and geological orientation will play equally important roles. Headland bypassing within embayed coastlines may be asymmetrical, with some headlands "open" to transport under one set of wave conditions, but "closed" under another. This has significant implications for the understanding of recovery of sediment losses, suggesting full embayment rotation is dependent on the occurrence of headland bypassing, requiring a specific cumulative threshold of absolute wave power from one direction, rather than simply a reversal of wave angle. If such conditions are not met, recovery of sediment may be impossible without human intervention, and coastal vulnerability at up-drift locations may be permanently increased. Future work underway will look to improve our understanding of the mechanisms governing gravel (bedload transport) bypassing of headlands and conditions required to allow sediments to transition from one sub-embayment to the next.
Decadal embayment response to wave climate variability
Over longer timescales, this study developed and utilized the D : P index , a new equilibrium parameter, used here to describe the imbalance of opposing southerly and easterly wave power relative to the long-term mean. For the interim period between morphological profile surveys over a decadal scale, strong correlations (both positive and negative) were observed between the D : P index and beach volume change at sub-embayment extremities. These results suggest that the direction of longshore transport and its control on beach morphology is linked with not just the occurrence of high-energy episodic wave events, but also the dynamic balance of incident wave power from southerly and easterly directions. Observed correlations with beach morphology are strongest for changes measured during the winter months (Fig. 9) , due to high energy wave events in the North Atlantic occurring most frequently between December to March (van Nieuwkoop et al., 2013; Wolf and Woolf, 2010) , where the seasonal clustering of storm events is greatly affected by atmospheric oscillations (Castelle et al., 2017a) . Peak period (spectral energy) from the WWIII hindcast data was used for wave power calculations. This approach does not resolve the spectral contributions of wind and swell (bi-directional or otherwise). This is deemed acceptable as the focus is on alongshore transport (rotation) rather than cross shore profile shape. Previous studies have shown that gravel barrier shape responds differently to spectral contributions of swell and wind waves (e.g. Mason et al., 2009; Bradbury et al., 2011) .
Whilst morphological response here is well correlated with incident wave direction, the long-term winter wave climate shows significant multi-annual variability for both the total wave power, and the southerly and easterly contributions to the bi-directional wave balance (Fig. 10) . Previous studies have identified links between atmospheric climate variability and incident wave heights, with particular focus on the North Atlantic Oscillation (Bacon and Carter, 1993; Masselink et al., 2014) and the El Nino Southern Oscillation (Barnard et al., 2015; Barnard et al., 2017; Mortlock and Goodwin, 2016) for the Atlantic and Pacific Oceans respectively. Castelle et al. (2017b) identified that the NAO index did not capture the unprecedented stormy winter of 2013/14, characterized by increased southerly storm tracks and full embayment rotation at Start Bay, and devised the WEPA index to better characterize increased wave heights in more southern latitudes of the European North Atlantic coast. Santos et al. (2017) explored the link between the magnitude and frequency of extreme wave heights around the UK and concluded that WEPA is better suited to predicting wave action in the south west than the NAO; however, their dataset was temporally limited to 10 years of wave buoy data per site, and direction of wave events was not considered. In this study, it is shown for the first time, that the two dominant winter wave directions, easterly and southerly, are significantly correlated with winter-averaged NAO (R = −0.73) and WEPA (R = 0.81), respectively. Long-term wave climate controls over the 37-year record are summarized in Fig. 12 , with the four winter variables (NAO, WEPA, D : P index and relative wave power) showing two distinct modes, representing northward (clockwise) and southward (anticlockwise) rotation. The top-right quadrant (Fig. 12) indicates winters with positive NAO (suppressing easterlies), and positive WEPA (increased southerly storm tracks). These winters are typically dominated by large southerly storms (large red circles, Fig.  12 -left) and are associated with the strongest northward transport. The bottom-left quadrant represents periods of negative NAO (allowing Easterlies to develop), and negative WEPA (fewer southerly storm tracks), associated with a relative dominance of easterly conditions (D : P index is uniformly negative), and dominant southward transport within Start Bay. The top-left and bottomright quadrants of Fig. 12 indicate periods where the relevant climate indices are in opposition, and net rotation direction is uncertain. These findings are consistent with the correlation found between cross-shore volume transport and the WEPA index, on the northern exposed coastline of the south west UK (Burvingt et al., 2018) . This suggests that climate indices are useful predictors of morphologic change on a wide range of exposed, to semiexposed coastlines.
These findings indicate that, respectively, winter-averaged NAO and WEPA are effective in explaining the easterly and southerly wave components driving morphological change in Start Bay. Therefore pressure-driven climate scale indices can account for the observed bi-directional periodicity in wave climate in this study. It is therefore expected that atmospheric indices like the NAO, may skillfully explain long-term wave climate variability in other (semi) sheltered environments significantly influenced by bidirectional waves. Further work will explore the use of WEPA and NAO to forecast seasonal changes to wave climate and beach morphology. Recent modeling breakthroughs in seasonal forecasting of the winter NAO (Dunstone et al., 2016) suggest there may be an applicable level of skill in 3-month forecasting of winter NAO (Stockdale et al., 2015) . The recent growth in ensemble size is increasing the skill of such models, allowing predictions of winter NAO to take place up to one year in advance (Dunstone et al., 2016; Wang et al., 2017; Scaife et al., 2015) . If these models can be validated and improved, allowing the combined prediction of NAO and WEPA (Castelle et al., 2018) , governments and coastal engineers may be able to plan using event and seasonal scale forecast wave conditions, acting before potential changes in beach morphology result in increased coastal vulnerability.
Conclusions
This study examines extreme event and decadal sub and fullembayment rotation within a headland embayed gravel coastline with a bi-directional wave climate. We highlight the importance of antecedent morphology and storm sequencing in transitioning from subembayment to full embayment rotation. Over multi-annual timescales, morphological change is correlated with the wave power balance from the two dominant directions, which in turn are correlated with atmospheric indices.
Under the dominance of a particular wave direction, individual subembayments may rotate; however, if persistent seasonal or extreme energy levels exceed a given threshold, significant headland bypassing can occur, leading to full-embayment rotation. wave events from one direction resulted in full embayment rotation; whereas, persistent moderate energy from the alternate easterly wave direction (2016-2017) resulted in sub-embayment rotation, failing to reach the threshold required for headland bypassing and full embayment rotation. 2. A total sediment budget approach, including all sub-embayments and sub-tidal extents (with robust spatial uncertainty assessments), are required to fully understand the geomorphic response mechanisms in rotational embayments. 3. Beach rotation can be parameterized by a new index that quantifies the deviation in the directional wave balance between the two dominant directions from the long-term average. 4. Winter wave direction is correlated with two distinct climate indices, suggesting that atmospheric oscillations may explain periodicity and multiannual morphological changes at embayed rotational sites with bi-directional wave climates.
Findings presented here help advance our understanding of eventscale, annual, and decadal embayment morphological response mechanisms. This new knowledge should help improve coastal vulnerability assessment and management in embayments sensitive to directional wave climates. error budget modeling approach was taken based on a priori estimates of uncertainty of system components, computed in QPS QINSy/Qimera survey acquisition software, to generate total propagated uncertainty (TPU) values for each individual sounding. These were then gridded across the multibeam survey region using the Combined Uncertainty and Bathymetric Estimator (CUBE) algorithm, which provides a statistically robust method for generating spatially variable residual uncertainty surfaces (Calder and Mayer, 2003; Calder and Wells, 2007; Schimel et al., 2015) . The range of uncertainty values for the 2016 and 2017 data are given in Table A2 , with the highest values occurring over high roughness regions (rock reefs) and at swathe edges, and lowest values over flatter sandy regions directly beneath the sonar. As no TPU values were available for the 2013 survey (secondary dataset) a conservative estimate based on the known survey specification (International Hydrographic Organization Order 1a; IHO, 2008) was used, providing a spatially uniform uncertainty value (1 standard deviation from the mean (σ) quoted as ±0.270 m).
To address the lack of an absolute control surface to assess influence of systematic error between the surveys, a reference surface analysis was conducted across a flat immobile rocky seabed region 50 m × 50 m and at −14 m ODN depth. The roughness length scale of the selected region was an order of magnitude less than the width of the control region to minimize incorporation of significant vertical errors due to any horizontal misalignment. To minimize random error orthogonal lines were run and only data from beam angles between ±45°were used to compute the mean elevation differences from 0.5-m gridded surfaces for each survey. Due to lack of immobile reference region options, no other areas could be compared so it is unknown if these error values are variable across the domain. Therefore, based on this analysis and using 2017 survey as a reference (utilized GNSS Post Processed Kinematic heighting), appropriate fixed vertical offsets (representing systematic errors) were applied during volume change calculations. 
